The mitotic checkpoint is thought to be essential for ensuring accurate chromosome segregation by implementing mitotic delay in response to a spindle defect. To date, however, very little data has become available on the defects of the mitotic checkpoint in human cancer cells. In the present study, impaired mitotic checkpoint was found in four (44%) of nine human lung cancer cell lines. To our knowledge, this is the ®rst demonstration of frequent impairment of the mitotic checkpoint in this leading cause of cancer deaths. As an initial step towards elucidation of the underlying mechanism, we further undertook a search for mutations in a key component of the mitotic checkpoint, known as hsMAD2, and its immediate downstream molecule, p55CDC. No such mutations were found, however, in either 21 lung cancer cell lines or 25 primary lung cancer cases, although we could identify silent polymorphisms and the transcribed and processed hsMAD2 pseudogene that was subsequently mapped at 14q21-q23. The present observations appear to warrant further investigations, such as search for alterations in other components, to better understand the molecular pathogenesis of this fatal disease, and warn against potential misinterpretation when performing mutational analyses for other cancer types based on cDNA templates.
Introduction
Lung cancer has long been the number one cause of cancer deaths in the United States (Minna et al., 1997) , while it is also expected to become the leading cause in Japan as it currently claims more than 40 000 lives annually (Statistics and Information Department, 1998) . Molecular analyses have demonstrated that a number of genetic lesions in both dominant oncogenes and tumor suppressor genes play crucial roles in the genesis and progression of lung cancers (Minna et al., 1997) . In addition, previous cytogenetic studies have shown that lung cancer cells frequently contain complex chromosomal abnormalities including multiple numerical and structural changes, as are also seen in other epithelial cancers (Testa, 1996) .
The mitotic checkpoint is a highly conserved mechanism that regulates the cell division cycle and prevents cells with a perturbed spindle assembly from leaving mitosis, thereby improving the ®delity of chromosome segregation (Rudner and Murray, 1996; Paulovich et al., 1997; Elledge, 1998) . This mechanism has been intensely studied, especially in yeast, resulting in the identi®cation of several genes that are involved in the regulatory process to maintain accurate chromosome segregation (Hoyt et al., 1991; Li and Murray, 1991) . Notably, it was recently reported that human colon cancer cells with chromosomal instability phenotype carried defects in their mitotic checkpoint, suggesting a possible link between impaired mitotic checkpoint and oncogenesis (Cahill et al., 1998) .
In the present study, we report identi®cation of frequent impairment of the mitotic checkpoint in human lung cancer cell lines and also describe our initial attempt to elucidate the underlying mechanism by searching for alterations in the mitotic checkpoint genes, hsMAD2 and p55CDC.
Results and Discussion

Frequent impairment of the mitotic checkpoint
Mitotic checkpoints were examined in nine lung cancer cell lines with the aid of nocodazole, which inhibits spindle-kinetochore interaction by microtubule disruption. In addition, we included HeLa and HCT116 which have been shown to exhibit an intact mitotic checkpoint function as well as SW480 and T47D which have been reported to carry defects in their mitotic checkpoint (Cahill et al., 1998; Li and Benezra, 1996) . Cells were cultured in the presence of nocodazole for 18 h and examined by means of¯ow cytometric analysis ( Figure 1a ). All cell lines exhibited nearly complete cell-cycle block with a DNA content of 4N, where 2N represents the DNA content of cells in the G1 phase. Analysis of mitotic indices, however, indicated signi®cant dierences among the lung cancer cell lines (Figures 1b and 2) . Four (44%) of the nine cell lines, SK-LU-1, PC-1, ACC-LC-319, and PC-10, exhibited a signi®cant reduction of cells arrested at mitosis comparable to the mitotic indices of the control cell lines with known mitotic checkpoint defects (SW480 and T47D), while SK-LU-1 showed an almost complete lack of mitotic arrest. The remaining ®ve lung cancer cell lines responded well to nocodazole treatment, as did the HeLa and HCT116 lines.
To date, very little data has become available on the defects of the mitotic checkpoint in human cancer cells. Cahill et al. (1998) found such defects in six colon cancer cell lines including SW480, while Li and Benezra (1996) reported them for a single cell line of breast cancer (T47D) and of rhabdomyosarcoma. The present study clearly demonstrates for the ®rst time that the mitotic checkpoint function is also impaired in a signi®cant proportion of human lung cancer cell lines. Our ®ndings also appear to be consistent with previous observations in that we and others have demonstrated infrequent occurrence of widespread microsatellite instability in lung cancers (Minna et al., 1997; Gotoh et al. (in press) ), while an impaired mitotic checkpoint was previously reported to be present in colon cancer cell lines without widespread microsatellite instability (Cahill et al., 1998) .
Search for mutations in the hsMAD2 gene
Identi®cation of frequent impairment of the mitotic checkpoint led us to search for mutations in the genes involved in this process. As an initial step, we examined 21 lung cancer cell lines for the presence of mutations in the hsMAD2 gene, a key component in the sensing and executing mechanism that delays the onset of anaphase in response to a spindle defect (Li and Benezra, 1996; Chen et al., 1996; He et al., 1997) . In the reverse transcription-polymerase chain reactionsingle strand conformation polymorphism (RT ± PCR ± SSCP) analysis, several lung cancer cell lines exhibited distinct mobility shifts, which could be classi®ed into two groups, i.e., Group 1: SK-LC-10 and ACC-LC-97 and Group 2: PC-1, QG90 and SBC3 (Figure 3) . Subsequent sequence analysis revealed that Group 1 corresponded to a silent polymorphism at codon 143 (CCA to CCG) of the hsMAD2 gene, and Group 2 to numerous nucleotide substitutions, insertions and a deletion, suggesting that it may represent an hsMAD2 pseudogene (Figure 4a ). This possibility was supported by the results of radiation hybrid mapping analysis using both Stanford G3 and Genebridge 4 panels, which consequently placed hsMAD2 and hsMAD2c at chromosomes 4 and 14, respectively. The Genebridge 4 panel showed a linkage of hsMAD2c with WI-6253 (LOD43, distance=3.25 cR), while the use of the Stanford G3 panel demonstrated that hsMAD2c was Omission of reverse transcriptase eliminated RT ± PCR amplification of hsMAD2c, whereas RNase-free DNase pretreatment did not Impaired mitotic checkpoint in lung cancer T Takahashiet al tightly linked to GATA51F02 (LOD=1000, distance=0 cR), thus assigning hsMAD2c to 14q21-q23. We also noted that hsMAD2c appeared to be a transcribed and processed pseudogene, since omission of reverse transcriptase eliminated its RT ± PCR ampli®cation but RNase-free DNase pretreatment did not, and because a 710 bp genomic fragment of hsMAD2c, which corresponded to the whole open reading frame of hsMAD2 with four exons (Krishnan et al., 1998) , could be ampli®ed as a single exon (Figure 4b and data not shown) . Accordingly, the present ®ndings indicate that caution should be exerted to avoid potential misinterpretation when performing mutation analyses based on cDNA templates.
Southern and Northern blot analyses of the same panel did not show any gross alterations (data not shown). In addition, 25 primary lung cancer specimens were also examined by means of RT ± PCR ± SSCP, but yielded no mutations in the hsMAD2 gene. We concluded that hsMAD2 is altered very infrequently, if at all, in lung cancers.
Search for mutations in p55CDC
We next examined p55CDC, a human homologue of Slp1/Cdc20 that binds to hsMAD2 and functions as the target of the mitotic checkpoint (Elledge, 1998; Weinstein et al., 1994) . Dominant mutations in Slp1 and Cdc20 have been identi®ed that could overcome the mitotic arrest transduced by Mad2 (Hwang et al., 1998; Kim et al., 1998) . Since these mutations in yeast were clustered within a small region, we carried out direct sequencing of the corresponding region of the human homologue, p55CDC, using PS3 and PAS3 PCR primers, which yielded a silent nucleotide substitution at codon 144 (TAT to TAC). No mutations, however, were identi®ed in the same panel of 21 lung cancer cell lines used for the search for hsMAD2 mutations. RT ± PCR ± SSCP analysis of a 1.5 kb region covering the entire coding region of p55CDC also failed to identify p55CDC mutations (data not shown).
Recent molecular biological studies have clearly indicated that lung cancer is a disease caused by accumulation of multiple genetic defects in dominant oncogenes and tumor suppressor genes, which are involved in various cellular processes such as cell cycle regulation, growth signal transduction, and induction of apoptotic cell death (Minna et al., 1997) . Although it remains to be formally proven, accumulating evidence points to the possibility that impairment of the mitotic checkpoint function may be responsible at least in part for the generation of aneuploidy, which is another characteristic feature of lung cancer cells (Cahill et al., 1998; Lengauer et al., 1997) . The present study showing frequent occurrence of mitotic checkpoint impairment consequently warrants further study to elucidate the underlying mechanism.
In this regard, the Mad1, 2 and 3 genes and the Bub1, 2, and 3 genes in yeast are known to be important components of the mitotic checkpoint (Hoyt et al., 1991; Li and Murray, 1991) . In addition, it has been suggested that the p53 gene, which is the most frequent molecular target among various genetic alterations thus far identi®ed in human lung cancers (Takahashi et al., 1989) , may be involved in the mitotic checkpoint (Cross et al., 1995; Gualberto et al., 1998) , although con¯icting ®ndings have also been reported in the literature (Lanni and Jacks, 1998; Bunz et al., 1998) . Our examination of p53 mutations in the panel examined here revealed the lack of apparent association between the presence of p53 missense mutations and impaired mitotic checkpoint (data not shown), while the present study shows that mutations in a key component of the mitotic checkpoint, hsMAD2, and its immediate downstream gene, p55CDC, are infrequent, if they occur at all, in lung cancer cell lines. In this context, it is interesting that alterations in the human BUB1 gene and a related gene, BUBR1, were recently reported in colon cancer cell lines with mitotic checkpoint defects (Cahill et al., 1998) .
Taken together, the present observations showing frequent occurrence of mitotic checkpoint impairment suggest that it may represent a characteristic alteration in common human cancers. Although somatic mutations of the BUB1 gene were not found in the four lung cancer cell lines with impaired mitotic checkpoint (unpublished observation), they also warrant further investigations, such as search for alterations in other components including BUB1 and BUBR1 in a larger cohort, to better understand the molecular pathogenesis of lung cancers. It will be also of interest to investigate whether the selective use of certain chemotherapeutic agents, especially those with microtubule disrupting activity such as Taxol, can be realized on the basis of the status of the mitotic checkpoint in individual cases.
Materials and methods
Cell lines and tumor specimens
Twenty-one (nine small cell lung cancers (SCLCs) and 12 non-SCLCs) lung cancer cell lines were analysed in this study. Details of the derivations and culture conditions of cell lines have been described previously (Takahashi et al., 1986; Hibi et al., 1994) . Tumor samples, along with uninvolved lung tissue where available, were collected from 25 patients diagnosed histologically as having lung cancers (eight SCLCs, nine adenocarcinomas, six squamous cell carcinomas, one adenosquamous carcinoma and one large cell carcinoma). All tissues were quickly frozen in liquid nitrogen and stored at 7808C until analysed.
Analysis of mitotic checkpoint
Two SCLC (SBC3 and QG90) and seven NSCLC (ACC-LC-176, ACC-LC-319, NCI-H460, QG56, PC-10, PC-1 and SK-LU-1) cell lines were cultured in the presence of nocodazole, harvested at 6 h time intervals up to 36 h. Two-hundred nM of nocodazole was used for all cell lines except for T47D and QG56, which had 500 and 800 nM of nocodazole added, respectively. Cells were then ®xed with 4% formaldehyde, followed by staining with 0.1 mg/ml of 4', 6-diamidino-2-phenylindole. To measure the mitotic index (percentage of viable cells arrested in mitosis), at least 300 cells were counted for one measurement using¯uorescence microscopy. Each measurement was repeated at least twice. Flow cytometric analysis was also conducted to evaluate the cell-cycle pro®le of cells harvested after 18 h incubation with nocodazole. Cells were stained with propidium iodide and analysed with the aid of FACScan and Cell Fit-DNA software (Beckton Dickinson, Bedford, MA, USA).
PCR ± SSCP analysis
PCR ampli®cation using random primed cDNAs was performed with the aid of oligonucleotide primers in the presence of [ 32 P]dCTP, followed by electrophoretic separation on 6% nondenaturing polyacrylamide gels both in the presence of 5% glycerol at room temperature and in the absence of glycerol at 48C. The primer pairs used to amplify hsMAD2 cDNA were: M2S1 (sense; 5'-GGAAGCGCGTGC-TTTTGTTT) and M2AS1 (antisense; 5'-TCTTTCAGTTGT-TCCACCACA); M2S2 (sense; 5'-TTGCTTGTAACTACT-GATCTTG) and M2AS2 (antisense; 5'-ATAAATCAGCA-GATCAAATGAAC); and M2S3 (sense; 5'-GATCACAGCT-ACGGTGACAT) and M2AS3 (antisense; 5'-CCTGATTT-CAGGAAAACCACA). The PCR ampli®cation was carried out in the presence (M2S3-M2AS3) or absence (M2S1-M2AS1, and M2S2-M2AS2) of 10% glycerol for 30 cycles (948C for 45 s, 588C for 30 s, 728C for 1 min) after the initial denaturation step (948C for 5 min).
The primer pairs used to amplify p55CDC were: PS1 (sense; 5'-GGCACCAACTGCAAGGAC) and PAS1 (antisense; 5'-TTTGCCAGGAGTTCGGCC); PS2 (sense; 5'-CG-CCAACCGATCCCACAG) and PAS2 (antisense; 5'-CAG-GTTCAAAGCCCAGGC); PS3 (sense; 5'-CCAGACGCC-CACCAAGAA) and PAS3 (antisense; 5'-CAGGATACGG-TCTGGCAG); PS4 (sense; 5'-CGGAAGACCTGCCGT-TAC) and PAS4 (antisense; 5'-GATCCAGGCCACAGAG-GA); PS5 (sense; 5'-GAGCAGCCTGGGGAATAT) and PAS5 (antisense; 5'-ACGTGAACCACT-GGACAG); PS6 (sense; 5'-GCTCCCTAAGCTGGAACA) and PAS6 (antisense; 5'-GAGCACTAGGCCACACAT); PS7 (sense; 5'-TGGCCAGTGGTGGTAATG) and PAS7 (antisense; 5'-ATCCACGGCACTCAGACA); PS8 (sense; 5'-CG-CATCT-GGAATGTGTGC) and PAS8 (antisense; 5'-GGCTCATG-GTCAGACTCA); and PS9 (sense; 5'-CCAAGGTGGCTGA-ACTCA) and PAS9 (antisense; 5'-ACTGAGGTGATG-GGTTGG). The PCR ampli®cation in the presence of 10% glycerol consisted of 35 cycles (948C for 30 s, 588C for 20 s, 728C for 30 s) after the initial denaturation step (948C for 5 min). The RT ± PCR products of lung cancer cell lines showing distinct PCR ± SSCP patterns were cloned into the EcoRV site of pBluescript SKII(7) (Stratagene) after polishing, and the resulting plasmid DNAs prepared from pooled clones were sequenced.
Southern and Northern blot analysis
Southern blot analysis using 5 mg of genomic DNAs was performed with an hsMAD2 cDNA probe prepared by means of RT ± PCR using the M2S1 and M2AS3 primers as described previously (Hibi et al., 1994) . Northern blot analysis was performed using 10 mg of the total cellular RNAs with the aid of a probe prepared by means of RT ± PCR using M2S1 and M2AS2 as described previously (Kondo et al., 1995) .
Chromosomal assignment
Chromosomal assignment of the hsMAD2 and the hsMAD2c genes was accomplished by using PCR analysis of genomic DNAs of the Stanford G3 radiation hybrid panel (Research Genetics, Huntsville, AL, USA) as well as those of the Genebridge 4 radiation hybrid panel (Research Genetics). Both hsMAD2 and hsMAD2c were simultaneously ampli®ed by using M2S3 and M2AS3 PCR primers, and the resulting PCR products were distinguished by means of agarose gel electrophoresis based on the dierences in size due to the presence or absence of intronic sequences.
RT ± PCR analysis
cDNA was synthesized by using 2 mg of total RNA of QG90, which expressed hsMAD2c with and without pretreatment with RNase-free DNase (RQ1 DNase, Promega Corp., Madison, WI, USA) to remove contaminating genomic DNA. cDNA was ampli®ed with the aid of the M2S1 and M2AS1 primers and the resulting PCR products were electrophoresed on 8% sequencing gels. PCR ampli®cation using 200 ng of genomic DNA was also carried out to con®rm the ecacy of the DNase-treatment.
